Multi-Layered High Permeability Conduits Connecting Onshore and Offshore Coastal Aquifers by Weymer, Bradley A. et al.
fmars-07-531293 October 22, 2020 Time: 17:15 # 1
ORIGINAL RESEARCH








Indian Institute of Technology
Bombay, India
Chloe Gustafson,






This article was submitted to
Coastal Ocean Processes,
a section of the journal
Frontiers in Marine Science
Received: 31 January 2020
Accepted: 06 October 2020
Published: 27 October 2020
Citation:
Weymer BA, Wernette PA,
Everett ME, Pondthai P, Jegen M and
Micallef A (2020) Multi-Layered High
Permeability Conduits Connecting
Onshore and Offshore Coastal
Aquifers. Front. Mar. Sci. 7:531293.
doi: 10.3389/fmars.2020.531293
Multi-Layered High Permeability
Conduits Connecting Onshore and
Offshore Coastal Aquifers
Bradley A. Weymer1* , Phillipe A. Wernette2,3, Mark E. Everett4, Potpreecha Pondthai4,
Marion Jegen1 and Aaron Micallef1,5
1 GEOMAR – Helmholtz Centre for Ocean Research Kiel, Kiel, Germany, 2 School of the Environment, University of Windsor,
Windsor, ON, Canada, 3 Pacific Coastal and Marine Science Center, United States Geological Survey, Santa Cruz, CA,
United States, 4 Department of Geology and Geophysics, Texas A&M University, College Station, TX, United States, 5 Marine
Geology and Seafloor Surveying, Department of Geosciences, University of Malta, Msida, Malta
Groundwater resources in coastal regions are facing enormous pressure caused
by population growth and climate change. Few studies have investigated whether
offshore freshened groundwater systems are connected with terrestrial aquifers
recharged by meteoric water, or paleo-groundwater systems that are no longer
associated with terrestrial aquifers. Distinguishing between the two has important
implications for potential extraction to alleviate water stress for many coastal
communities, yet very little is known about these connections, mainly because it is
difficult to acquire continuous subsurface information across the coastal transition
zone. This study presents a first attempt to bridge this gap by combining three
complementary near-surface electromagnetic methods to image groundwater pathways
within braided alluvial gravels along the Canterbury coast, South Island, New Zealand.
We show that collocated electromagnetic induction, ground penetrating radar, and
transient electromagnetic measurements, which are sensitive to electrical contrasts
between fresh (low conductivity) and saline (high conductivity) groundwater, adequately
characterize hydrogeologic variations beneath a mixed sand gravel beach in close
proximity to the Ashburton River mouth. The combined measurements – providing
information at three different depths of investigation and resolution – show several
conductive zones that are correlated with spatial variations in subsurface hydrogeology.
We interpret the conductive zones as high permeability conduits corresponding to
lenses of well-sorted gravels and secondary channel fill deposits within the braided
river deposit architecture. The geophysical surveys provide the basis for a discharge
model that fits our observations, namely that there is evidence of a multilayered system
focusing groundwater flow through stacked high permeability gravel layers analogous
to a subterranean river network. Coincident geophysical surveys in a region further
offshore indicate the presence of a large, newly discovered freshened groundwater
system, suggesting that the offshore system in the Canterbury Bight is connected with
the terrestrial aquifer system.
Keywords: coastal hydrogeophysics, groundwater, coastal transition zone, ground penetrating radar,
electromagnetic induction, transient electromagnetics
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INTRODUCTION
Coastal groundwater systems represent the zone where terrestrial
groundwater meets intruded higher-density seawater, which in
turn drives groundwater flow processes beneath the coastline
(Jiao and Post, 2019). They are important pathways for material
transport across the coastal transition zone where active cycling
of macronutrients and trace metals occurs (Moore, 2010).
Groundwater seepage to coastal waters via subterranean estuaries
can trigger toxic algae blooms and can have adverse impacts on
the ecosystems and the economy of many coastal communities
(Moore, 1999). Generally, seawater can intrude inland in
response to excessive water withdrawals, or upconing (Barlow,
2003), whereas groundwater from terrestrial coastal aquifers
may discharge through the seafloor as submarine groundwater
discharge (SGD). SGD is defined as any flow of water out across
the seafloor regardless of composition, origin, or the mechanisms
driving the flow (Burnett et al., 2006). In all coastal zones, SGD
occurs wherever an onshore aquifer with a positive head relative
to sea level is hydraulically connected to the ocean (Johannes,
1980; Moore, 1996). SGD is intermittent, occurs in various
geologic settings (e.g., carbonate and siliciclastic), and sometimes
involves multiple aquifers (Burnett et al., 2006; Bratton, 2010).
A less commonly studied characteristic of coastal aquifers
is the occurrence of, and possible connection to, vast meteoric
groundwater reserves (Post et al., 2013), or termed herein as
offshore freshened groundwater (OFG) systems. These systems
are becoming the focus of rigorous study because of their
potential to mitigate water stress in coastal areas including, for
example; Cape Town, Sao Paolo, Malta, Chennai, Singapore,
Beijing, and Jakarta (Ferguson and Gleeson, 2012; Michael
et al., 2017; Moosdorf and Oehler, 2017; Post et al., 2018;
Berndt and Micallef, 2019). The connection between onshore
and offshore coastal aquifers has important implications for the
potential exploitation and management of offshore groundwater
reserves, but remains poorly understood partly because of (1)
barriers across disciplines that inhibit interdisciplinary research
(Talley et al., 2003), (2) difficulty with integrating geophysical
and geochemical methods to characterize groundwater systems
across the coastal transition zone (Post, 2005), and (3) the
lack of appropriate technologies to map and quantify zones of
freshwater flow offshore (Post, 2005; Evans, 2007), particularly in
the nearshore environment, or so-called ‘White Ribbon’ (Leon
et al., 2013). Presently there is no simple way to gauge fluxes
of meteoric groundwater to the sea. However, new strides are
being made by employing geophysical methods, notably marine
electromagnetics (Gustafson et al., 2019; Micallef et al., 2020), as
a means to guide geochemical sampling, and ultimately to inform
hydrogeological modeling efforts to quantify the evolution of
coastal groundwater systems in response to changing sea level
and possible extraction.
Over geologic timescales, terrestrial aquifers can migrate
landwards or seawards in response to rising and falling sea
levels, respectively. During the Last Glacial Maximum, modern
continental shelf areas were subaerially exposed and subjected
to infiltration of atmospheric precipitation (meteoric water)
and in high latitudes where ice sheets form drained by glacial
meltwater (Person et al., 2007; Cohen et al., 2010). During low
sea levels, shore-normal flow, which results from an increase
in the hydraulic head onshore and steep onshore gradients,
played a key role in driving freshwater offshore and extending
OFG systems further out into the continental shelf (Johnston,
1983). It has been shown that OFG systems adjust slowly to
rising sea levels over long time scales (Person et al., 2003)
and, as a result, remnants of meteoric groundwater occur
offshore in many places worldwide. The global inventory of
OFG systems as described by Post et al. (2013) has been
estimated primarily through a combination of observations from
boreholes, both onshore and offshore, or by modeling studies
to total around 5 × 105 km3. The majority of these systems
have either a direct or inferred terrestrial connection; however, a
lack of observational data, especially across the coastal transition
zone, precludes a comprehensive understanding of offshore
connectivity to aquifers onshore (Figure 1). Pore-water profiles
in low-permeability layers investigated on continental shelves
around the world (e.g., North Sea, Peru, and New Zealand)
show a consistent vertical salinity decrease (Post et al., 2013)
indicating past meteoric circulation. An important distinction yet
to be clarified is whether these connections are active or inactive.
Recent marine electromagnetic imaging surveys provide strong
evidence for onshore connections to the US Atlantic Continental
Shelf (Gustafson et al., 2019) and offshore New Zealand (Micallef
et al., 2020). However, it should be noted that electromagnetic
techniques provide only static snapshots of subsurface resistivity
structure and hence cannot constrain flow dynamics.
Electromagnetic (EM) methods are suitable for delineating
occurrences of groundwater in coastal environments. EM
methods measure the bulk electrical conductivity (σ), or
resistivity (ρ) (note: σ = 1/ρ) structure of the subsurface, which
is mainly governed by the salinity of pore fluids, the porosity
of sediments, and the connectivity of the pore space (Evans and
Lizarralde, 2011). Archie’s Law (Archie, 1942) provides a means
to estimate pore fluid salinity, assuming porosity variations are
known, or can be estimated. Freshwater (∼ 10–500 mS/m) is
orders of magnitude less conductive than seawater (∼ 1,000–
5,000 mS/m) (Palacky, 1988); therefore, mapping σ contrasts
can help to characterize the presence of freshwater within the
sediment pore space. EM measurements are routinely used to
map terrestrial aquifers and guide hydrological sampling (e.g.,
Burnett et al., 2006; Swarzenski and Izbicki, 2009) and have been
employed in a variety of coastal settings (e.g., Delefortrie et al.,
2014; Weymer et al., 2016). These and other papers demonstrate
their utility for detecting the variable hydrogeology beneath
modern coastlines.
One example of a well-studied terrestrial aquifer system is the
Canterbury Plains, South Island, New Zealand. A considerable
amount of monitoring well and borehole information is available,
making the area an ideal calibration site to conduct geophysical
surveys. This study presents findings from geophysical surveys,
using three complementary near-surface EM methods, to
investigate potential groundwater pathways within braided
alluvial deposits beneath a mixed sand-gravel (MSG) beach along
the Ashburton coast, South Island, New Zealand. We integrate
acquired ground penetrating radar (GPR), electromagnetic
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FIGURE 1 | Cartoon depicting the differences between offshore freshened groundwater (connected) and paleo-groundwater (disconnected) systems. Modern day
“active” aquifers are recharged by precipitation (green arrows). Fossil aquifers are no longer fed by meteoric water, however, both systems are subject to saltwater
intrusion becoming saline over time (red arrows).
induction (EMI), and transient electromagnetic (TEM) data to
test a hypothesis that high permeability gravel zones beneath
the modern coastline act as conduits for groundwater flow
offshore. Our study complements a large-scale geophysical survey
conducted offshore along the Canterbury Bight to map OFG
systems, for which a meteoric origin and present-day connection
to onshore aquifers is inferred. Our results provide evidence that
this newly discovered OFG system (Micallef et al., 2020) has been
recharged in the past via these conduits and that the connection
implies recharge by modern terrestrial aquifers underlying the
Canterbury Plains.
STUDY AREA
Our study site is situated within the greater Canterbury Plains
and located along the eastern coastline of the South Island of
New Zealand (Figure 2), approximately 8 km ENE from the
Ashburton River mouth. Covering ∼ 8,000 km2, the Canterbury
Plains host an exceptional and well-utilized groundwater system
(see Leckie, 2003). The plain consists of ∼ 600-m-thick broad
fluvial megafan and glaciofluvial sheets that were emplaced
by braided rivers draining from the Southern Alps during
the Pleistocene and Holocene (Schumm and Phillips, 1986;
Leckie, 2003). At the outcrop scale, sediments are mainly
heterogeneous glaciofluvial gravels (95%) consisting of isolated
sand bodies (on the order of meters thick and tens of meters
wide) with minimal clay content (<0.3%) (Ashworth et al., 1999;
Moreton et al., 2002).
Terrestrial aquifers in the region between the Ashburton and
Rakaia Rivers are fed by large catchments extending to the
Southern Alps and have been characterized though an extensive
network of monitoring wells (Bal, 1996; Davey, 2004). Three
main aquifers identified on the basis of screen distribution
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FIGURE 2 | Map of New Zealand, and location of the study area in the Canterbury Plains region of the South Island, New Zealand. The approximate extent of the
OFG system is outlined by the black dotted lines and the location of IODP borehole U1353 is shown as a reference. The region of the onshore monitoring wells from
Davey (2004) is highlighted by the yellow dotted line. The location of the zoomed in area for the digital elevation model (DEM) in Figure 4 is outlined by the black box.
Maps created using GeoMapApp (Ryan et al., 2009).
are hosted in the gravels down to at least 150 m depth, with
unconnected sand and silt/clay layers forming aquitards (Davey,
2006). The aquifers were found to be generally from ∼ 0–
50 m, 50–90 m, and >90 m depths, whereas two aquitards were
identified at roughly 50 m and between 80 and 90 m depth in an
area NE of the Ashburton River (Davey, 2004). The regional flow
of groundwater in the Canterbury aquifers is from the foothills of
the Southern Alps toward the coastline (Mandel, 1974).
The alluvial braidplain that hosts the gravel aquifers was
studied in detail by Bal (1996) where five to six high permeability
corridors (roughly 5–10 km wide), inferred to be infilled
or buried valleys have been suggested to act as preferred
groundwater flow paths that trend roughly perpendicular to the
coastline. In a subsequent scale modeling study by Moreton et al.
(2002) it was shown that at even smaller spatial scales (meters
to tens of meters) secondary channel fill deposits preserved
within the braided alluvial architecture have the coarsest grain
size and highest permeability compared to all other facies (e.g.,
primary channel fills, splays, and fine-grained channels). This
inference can be made both from the model experiments and
field observations. The gravel lenses were shown to form as a
result of coarse-grained sediments preferentially settling adjacent
to or within a larger primary channel during peak flood discharge.
Flows within the secondary channels were not large enough
to allow channels to migrate between successive flood peaks.
With this flow constriction, stalling of a sediment lobe formed
a coarse-grained channel plug that preserved the cross-sectional
geometry of the channel in the subsurface forming a high
permeability conduit that may potentially discharge groundwater
offshore. These channel deposits are visible along the coastal
bluffs at the study site and are dissected by numerous composite
channels or box canyons (Figure 3) hypothesized to have formed
by groundwater sapping (Schumm and Phillips, 1986). The local
geology at the study area consists of 15–20-m-high poorly sorted
and uncemented matrix supported outwash gravels, which are
capped by up to 1 m of post-glacial loess and modern soil (Berger
et al., 1996). The cliff face is punctuated by isolated∼ 0.5 m-thick
sand lenses interbedded within clean gravels.
The plain is transected by large, high-energy, gravel-bed
rivers of mean annual flows 20–200 m3/s, with discharge up to
5,600 m3/s during flood events (Browne and Naish, 2003). The
major rivers – Rangitata, Ashburton, Rakaia, and Waimakariri –
incise the plains and flow toward a shoreline that is subject to
the high-energy waves of the East Coast Swell (Davies, 1964), the
Southland Current (Heath, 1981), and extreme storms. The latter
contribute to sea cliff erosion rates ∼ 1 m/year (Schumm and
Phillips, 1986). As a result, erosion of the coastline over the last∼
6.5 ka has produced a 70-km retrogradational coastline southwest
of the Banks Peninsula providing a nearly continuous outcrop
of the late Quaternary braided gravels (Moreton et al., 2002).
According to Jennings and Shulmeister (2002), the Ashburton
coastline exhibits morphodynamic characteristics of a mixed
sand-gravel beach (MSG) classification. The beach morphology
is reflective (Wright and Short, 1984) and the average beach
width along the survey site is ∼ 30 m or less. The hydrodynamic
regime is dominated by swash processes and plunging and/or
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FIGURE 3 | Image showing the location of the coincident alongshore
GPR/EMI surveys and adjacent cliff and box canyon morphology (a). Aerial
view (b) of a representative box canyon (view to the SE). Images taken
between May 5–8, 2017.
collapsing waves that restrict alongshore sediment transport to
mainly within the swash zone (Kirk, 1980). The tides are semi-
diurnal with a mesotidal range, the spring range reaching 2.5 m
(McLean, 1970).
Recent offshore electromagnetic geophysical surveying across
the Canterbury Bight (Figure 2) identified a previously unknown
OFG system (Micallef et al., 2020). This OFG system consists
of one main, and two smaller, low salinity aquifers. The main
aquifer extends up to a distance of 60 km perpendicularly from
the coast, has a maximum thickness of at least 250 m, and its top
reaches a maximum depth of 50 m bsf. It extends from offshore of
Ashburton in the NE to offshore of Timaru in the SW, across an
along-shelf distance of 72 km in water depths of up to 110 m. The
smaller OFG bodies occur at shallower depths above the main
OFG body. They are up to 15 km long, 50 m thick and have
complex lenticular cross-sections. The minimum and maximum
OFG volumes are estimated at 56 km3 and 213 km3, respectively,
based on Archie’s Law calculations assuming constant porosities
ranging from 20 to 40% representative of gravels to fine sands (see
Micallef et al., 2020, p. 12).
MATERIALS AND METHODS
This study utilizes near-surface geophysical methods to map
high permeability groundwater conduits along the Canterbury
coast. We chose three complementary non-invasive, near-surface
electromagnetic (EM) techniques that are sensitive to spatial
variations in bulk electrical conductivity σ and dielectric
permittivity ε, both of which should be diagnostic of subsurface
variations in hydrogeology. The instruments include: (1)
GSSI Profiler EMP-400 EMI sensor; (2) Sensors & Software
pulseEKKO GPR system; and (3) Geonics G-TEM time-domain
electromagnetic (TDEM) system. Each instrument probes a
different depth of investigation collectively ranging from ∼ 0 to
80 m for this particular coastal environment. The EMI system
provides the shallowest depth of investigation ∼ 7 m, the GPR
system is intermediate ∼ 9 m, while the G-TEM system probes
deepest up to ∼ 80 m. A brief overview of each EM method
is outlined below.
(1) Portable EMI rigid-boom sensors, or terrain conductivity
meters, are a type of geophysical instrument that operates
by monitoring the magnetic flux linkage between the
ground and a transmitter (TX) coil through which a
time-harmonic electric current of frequency ω is made
to flow. The current in the TX coil generates a primary
magnetic field Bp(r)eiωt at the receiver (RX) coil, where r
is the fixed TX-RX offset. Some of the primary field lines
also flux through conductive bodies that are present in
the subsurface, thereby generating an electromotive force.
The latter causes eddy currents (somewhat analogous to
hydrodynamic smoke rings) to flow in the subsurface.
These produce a secondary magnetic field Bs(r)eiωt ,
also monitored at the RX coil, which is diagnostic of
the subsurface electrical conductivity structure (Everett,
2013). The physics of the EMI process is discussed in
Everett (2013) and Everett and Chave (2019). Since
the primary signal is known to be dependent only on
the TX-RX geometry, it can be removed leaving the
unknown subsurface response. Generally, the instrument
reports a spatial average of subsurface conductivity σ,
termed apparent conductivity σa, that is defined as the
conductivity of a homogeneous half-space that would
produce an identical response as the one measured in the
field (Huang and Won, 2000). Apparent conductivity can
be calculated from either the in-phase sinωt -varying (I)
or quadrature cosωt -varying (Q) responses (Won et al.,
1996), although in practice the latter is chosen due to its
higher accuracy and stability. In coastal settings, σa and
Q are sensitive to contrasts between conductive seawater
and resistive freshened groundwater. As described in
Weymer et al. (2015, 2016), the EMI response (σa or Q)
is well-suited for characterizing hydrogeologic variations
beneath modern coastlines.
(2) GPR detects discontinuities of the electromagnetic wave
impedance
√
ωε in the shallow subsurface (maximum
depths . 50 m). This is achieved by transmitting a short-
duration pulse with energy in the 10–1000 MHz frequency
range (Neal, 2004) and detecting signals returning to the
surface that have reflected from subsurface impedance
discontinuities. A standard surveying configuration for
GPR is common-offset profiling (used in this study)
Frontiers in Marine Science | www.frontiersin.org 5 October 2020 | Volume 7 | Article 531293
fmars-07-531293 October 22, 2020 Time: 17:15 # 6
Weymer et al. Conduits Connecting Onshore/Offshore Coastal Aquifers
in which the TX and RX electric-dipole antennas are
moved in tandem along a profile while maintaining a fixed
separation distance between them (Everett, 2013). GPR
can be used to infer stratigraphic trends using methods
similar to those developed for seismic interpretation in
the exploration industry. As a wave-based technique,
GPR provides high-resolution structural information
that cannot be obtained by other EM methods. Most
reflectors in a given radar section can be interpreted as
being caused by waves reflecting from discontinuities in
the primary depositional fabric or interfaces within and
between sedimentary structures including cross-stratified
beds and erosional surfaces (Bailey and Bristow, 2000), in
addition to hydrologic interfaces such as the water table
and freshwater/saltwater interfaces beneath the shoreline.
(3) The operating principles of the inductive time-domain
electromagnetic (TEM) technique are described in
Nabighian and Macnae (1991) and Fitterman (2015). The
main distinction between TEM and rigid-boom EMI,
which operates in the frequency-domain, is that the former
involves subsurface energization by a transient step current
rather than a time-harmonic current. The secondary field
is several orders of magnitude smaller than the primary
field, so that TEM methods utilizing step-off excitation
are attractive since the secondary field can be measured in
the absence of the primary field. In the Geonics G-TEM
system, RX voltage measurements are made during the TX
off-time when the primary field is absent. The penetration
depth of a TEM instrument (Spies, 1989) depends on the
dipole moment of the transmitter loop source and the
noise level of the recorded data. The dipole moment is the
product of the number of loop turns, the loop area and
the loop current, such that increasing any one of these
three parameters can, in principle, increase the depth of
investigation. The depth of investigation, for fixed values of
these parameters, depends also on the Earth conductivity.
Increasing the measurement time window can increase
the penetration depth in a conductive environment, as
long as the late-time signals remain above the noise floor.
In this study, we used four turns, 10 m × 10 m area, and
1 A current, which affords a penetration depth into the
gravel beach on the order of 100 m. The recorded signal is
a time-decaying voltage curve. The shape of the curve can
be interpreted using commercial software in terms of a 1D
layered Earth structure beneath a sounding location or, if
sounding curves are available at multiple locations, using
purpose-built finite-element software (e.g., Badea et al.,
2001; Stalnaker et al., 2006) to determine a 2D or 3D Earth
structure.
All surveys presented herein were conducted along the same
georeferenced shore-parallel beach transect located landwards of
the swash zone, near the base of the bluffs, to reduce the influence
of conductive seawater on the EM measurements (Figure 4). For
example, the effect of tides on the groundwater table has been
shown to influence σa readings over the course of a tidal cycle
FIGURE 4 | DEM of the study area showing the georeferenced locations of
the GPR, EMI, and G-TEM surveys. Approximate locations of the closest
hydrogeological wells (∼1 km inland from the coastline) are indicated in the
upper left hand corner. The source for the LiDAR data used to produce the
DEM is: https://www.linz.govt.nz/.
TABLE 1 | Estimated maximum depths of investigation calculated for the range of
apparent conductivities measured along the beach at each frequency
(units in meters).
Apparent conductivity (mS/m)
12.5 25 50 100
Frequency (kHz) 9 6.88 5.79 4.87 4.10
15 6.06 5.10 4.29 3.61
(see Weymer et al., 2016). This effect may be more pronounced
in the EMI Profiler measurements than the deeper-probing GPR
and G-TEM instruments because the depth of investigation of the
former at the frequencies used in this study is between 3.5 and 7 m
(Table 1). The upper bound of the EMI depth of investigation
roughly corresponds to the depth of the water table interpreted
from the GPR radar sections.
EM Surveys
On 5 May 2017 from 11:10 to 11:40 (local time) during high tide
(see Table 2), we conducted an alongshore EMI survey using
a portable multi-frequency GSSI Profiler EMP-400 to obtain
information on the conductivity structure at various depths of
investigation (Figure 4). The selected frequencies chosen for
this study are 9 and 15 kHz, which correspond to maximum
depths of investigation up to 7 m and 6 m, respectively (see
Table 1). Although the instrument is capable of recording three
frequencies simultaneously, the data of the third channel we
collected (3 kHz) was noisy and of poor quality. Herein, we
present results from the two higher-frequency channels. The
survey locations were chosen to avoid topographic variations
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TABLE 2 | Predicted tides at the study site (44◦ 00′ 58.59′′ S, 171◦ 53′ 21.53′′ E)
during the duration of the EMI, GPR, and G-TEM experiments.
Date Time (local) Tide Elevation (m)
5 May, 2017 (EMI-alongshore) 05:10 Low −0.86
11:21 Hi 0.82
17:32 Low −0.85
6 May, 2017 (GPR-alongshore) 06:03 Low −0.85
12:14 Hi 0.81
18:23 Low −0.83
16 May, 2019 (G-TEM experiment) 06:58 Low −0.99
13:11 Hi 0.98
Datum is referenced to mean sea level and calculated using NIWA’s tide forecaster
(https://www.niwa.co.nz/services/online-services/tide-forecaster).
alongshore that may adversely affect EMI responses (Santos
et al., 2009; Shragge et al., 2017). Measurements were made at
0.5-s intervals using continuous data acquisition mode and the
instrument was carried at a constant height of 0.75 m above the
ground. All transects were located in the backbeach environment
∼ 25 m inland from the mean tide level. In Section “Results,” we
provide a qualitative interpretation of the 9, 15 kHz quadrature
responses measured along the shoreline profile. We attempted a
laterally constrained, layered inversion of the EMI Profiler data
but found that it does not provide useful additional information.
A detailed description of the two-layer EMI forward solution and
1D inversion results (see Ward and Hohmann, 1988; Monteiro
Santos, 2004; Mester et al., 2011) is given in the Appendix (S1).
On May 16, 2019 from 9:12 to 12:10 (local time) during a rising
tide, we conducted a 185-m-long G-TEM survey along a shorter
segment of the same survey EMI/GPR line previously collected
in May, 2017 (Figure 4). The TEM measurements were carried
out using the Geonics (Canada) G-TEM system. The G-TEM was
operated in an offset-sounding configuration, termed “Slingram”
mode in the electromagnetic geophysics literature, in which the
RX coil was placed 30 m from the center of the TX loop and the
TX-RX pair moved along the transect at 5 m station spacings for
38 stations, maintaining the 30-m offset. Note that the TX and RX
are inline for the Slingram configuration, i.e., the line joining the
center of the TX loop and the RX coil is aligned with the profile
direction. All soundings data were collected in the 20-gate mode
with acquisition interval of 6× 10−6 s to 8× 10−4 s (after ramp-
off), corresponding to investigation depths of ∼ 80–100 m. At
each station, a consistent 1D smooth inversion model of electrical
resistivity vs. depth based on the iterative Occam regularization
method (Constable et al., 1987) was performed using the IXG-
TEM software from Interpex Limited.
The Slingram configuration was used for the beach profile
since no central-loop soundings using the 10 m × 10 m square
loop measured on the beach could be fit by a 1D model. An
example of a typical 10 m × 10 m central-loop sounding and
the best 1D model response showing ∼ 200% root mean square
(RMS) misfit is shown in Figure 5A. The four different symbols
in Figure 5 represent the four repetitions of a sounding. We
repeated each measurement four times in order to estimate the
scatter in the response. In low-noise environments, all four sets
of data should sit on top of each other, but if there is noise (e.g.,
random, ambient EM noise from the atmosphere, water waves
and currents, or from anthropogenic activity) there will be some
scatter. The scatter is especially prominent at the later time gates
where the signal from the deep eddy currents in the ground
has become small. The poor fit of the central-loop soundings
in Figure 5A is likely due to the strong heterogeneity generated
by highly contrasting electrical conductivity zones at shallow
depths beneath the beach. These contrasts could be related to
freshwater discharging into seawater-saturated sediments. The
deeper-probing Slingram soundings, on the other hand, could
be fit quite well by a 1D model. A representative example with
RMS ∼ 22% is shown in (Figure 5B). While we acquired many
10 m × 10 m central loop soundings on the plains above
the coastal bluffs, also none of them could be fit by a 1D
model, again indicating strong electrical heterogeneity at shallow
depths. Interestingly, all soundings made along a plains transect
comprised of 40 m × 40 m central loop soundings (described
further below) could be fit by a 1D model, a representative
example with RMS ∼ 18% is shown in (Figure 5C). To
summarize, none of the 10 m × 10 m central-loop soundings
made either at the beach or on the adjacent plains could be fit by a
1D model. In contrast, all of the Slingram soundings on the beach
and all of the 40 m × 40 m central-loop soundings on the plains
could be fit by a 1D model. The implication is that the Slingram
configuration is not as sensitive to the strong, shallow variations
in electrical conductivity that are picked up by the central loop
soundings. While Slingram is deeper probing, it appears that the
near-surface is less well resolved with Slingram than it is with the
central-loop configuration.
GPR Surveys
On 6 May 2017 we conducted an alongshore GPR survey
along the identical EMI profile collected the previous day (see
Figures 3, 4). The survey line was divided into four shorter
transects (Profiles A-D), mainly because of the 12 V battery
limitations for both the TX-RX antennae. A 300-m-long line, for
example, took 2 h to acquire. The surveys commenced at 10:30
(local time) and ended at 16:50 corresponding to a rising tide and
low tide, respectively (Table 2). We used a Sensors & Software
pulseEKKO Pro system and acquired data using reflection mode
for each transect. Data were collected with a 100 MHz antenna
and 1000 V transmitter with an antenna separation of 1 m and
a step-size of 0.5 m (see Jol and Bristow, 2003; Neal, 2004).
The instrument settings and configuration resulted in a depth
of investigation of up to 9 m, which is comparable, but slightly
greater than the depth of investigation of the EMI Profiler at
9 kHz (see Table 1). A survey grade GPS with a positional
accuracy of 10 cm was used to collocate measurements between
the EMI/GPR surveys.
The data were processed using Sensors & Software
EKKO_Project processing software. Minimal processing
was applied to the data and follows standard GPR processing
steps including; Dewow filter, Background Subtraction, and
Automatic Gain Control with a maximum gain value of 250,
followed by migration (see Neal, 2004; Jol, 2008). The migration
velocity was determined through hyperbolic velocity analysis,
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FIGURE 5 | Representative data fits to the G-TEM sounding curves for (A) 10 m × 10 m central-loop sounding on the beach, (B) 10 m × 10 m, and (C)
40 m × 40 m central-loop soundings inland from the bluffs. The dots are the data and the lines are the model fits. Square symbols represent positive responses,
whereas negative responses are displayed as diamond symbols. A change in sign in response is due to a change in sign of the vertical magnetic flux passing
through the RX coil; such a sign-change is indicative of 2D or 3D structure since the magnetic flux of a transmitted eddy current diffusing into a 1D Earth must
maintain the same sign at the center of the RX coil throughout the entire measurement time-window. The symbols are the measured data and the lines represent the
best smooth-model response. Different symbols represent different repetitions of the sounding.
rather than common midpoint analysis. Hyperbolic matching
can be performed on radar sections that contain diffraction or
reflection hyperbola and is accomplished by matching the ideal
form of a velocity-specified hyperbolic function to the form of
the observed data (Jol, 2008). In most cases, the fitted diffraction
hyperbola for each GPR line corresponds to a velocity of
0.3 m/ns, which is surprising as this value is the airwave velocity.
This value is much higher than values of ∼ 0.1 m/ns normally
found in gravel deposits (e.g., McCuaig and Ricketts, 2004; Neal,
2004). The high-porosity gravel at the study site is likely to be
highly aerated due to air pressure changes within the vadose zone
caused by tide-induced airflow (Jiao and Li, 2004; Jiao and Post,
2019). When the water table rises in response to rising tide the
air pressure increases in the vadose zone and air is forced out of
the ground. This ventilation, or “breathing” phenomenon is then
reversed during a falling tide and air is drawn into the vadose
zone. It is reasonable to expect that this process is pronounced
in unconsolidated and undersaturated high-porosity gravels in
a meso-tidal tide regime. With the exception of the first GPR
Line A, all subsequent surveys were conducted during a falling
tide (Table 2), thus the increased air within the gravel pore space
could drive the GPR electromagnetic wave velocity (see Neal,
2004) close to the 0.3 m/ns value.
RESULTS
A primary research question in this study is to determine
whether gravel lenses within the braided alluvial deposits beneath
the Canterbury plain are groundwater conduits, potentially
discharging offshore. To address this question, we compare
results from collocated EMI, GPR, and G-TEM surveys
conducted on the beachfront, along with a DEM of the study area
(Land Information New Zealand [LINZ], 2019). Complicating
our exploration efforts, especially at shallow depths (e.g., <10 m),
is the effect of changing tides on the EM signals that we
attempted to mitigate by conducting the surveys as far away
as possible from the swash zone and by performing a series of
calibration tests following the same procedure, as described in
Weymer et al. (2016), to gain better insight on interpreting the
geophysical results.
Profile A is located at the southernmost section of the survey
line and is the shortest GPR profile (117-m long) collected
during the field experiment (Figure 6). The GPR data show
nearly horizontal reflectors from the surface to a depth of 3 m
that we interpret as the signature of the sorted gravels that
outcrop on the beach. The basis for our interpretation follows
the radar facies classification for comparable paraglacial deposits
in southwest British Columbia, Canada by Ékes and Hickin
(2001, p. 205). The GPR signal fades between depths of ∼
3–9 m, and is strongly attenuated below 9 m. As previously
mentioned, the survey was conducted along the backbeach, close
to the cliffs. The difference in elevation from the backbeach to
the swash zone is roughly 2–3 m; thus, the fading GPR signal
may correspond to the landward encroachment of seawater.
The freshwater/saltwater interface is delineated by the deep,
strong reflector that varies with depth. The reflector rises, or is
absent, in zones that appear to have a close spatial association
with the locations of the box canyons. With respect to the
EMI measurements, the signals at 9 and 15 kHz are relatively
stable and gradually decrease along the profile. The solid lines
in the figure on the EMI-response plots are two-layer model
responses showing that a two-layer model fits the data quite
well (refer to S1 for more details). There is a pronounced local
maximum in both the EMI responses about midway along the
profile that is coincident with a major disruption in the strong
GPR reflector. More subdued local maxima, especially evident in
the 15 kHz signal, appear to correspond albeit less precisely to
other disruptions in the strong GPR reflector near the start and
end of the profile.
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FIGURE 6 | Collocated alongshore GPR and EMI surveys indicated by the red line on each DEM shown in Figures 6–9. Each depth-converted radar section is
shown in the middle panel. Measured EMI data (bottom panel) are indicated by the blue and green dots while the solid lines are the fitted data from the 1D inversion.
In each figure the freshwater–seawater reflector is denoted by the red arrow marked SWI (saltwater interface) and the approximate depths of the interpreted gravels
and saturated sediments are labeled on the right hand side of the GPR section.
The results from Profile B are shown in Figure 7. This
transect crosses several box canyons of varying size, including
one large canyon that appears to have become stabilized due
to its mature vegetation cover. The GPR reflectors within the
upper 3 m are more variable than those of Profile A. Similarly
to Profile A, the radar signal fades below 3 m and is mostly
attenuated below 9 m depth. The strong basal reflector exhibits
similar characteristics to the strong reflector observed in Profile
A, i.e., it is indicative of a strong lateral contrast in the geological
structure that has a spatial association with the canyons. The
disruption of the strong GPR reflector is most pronounced within
the largest of the box canyons between 230 and 250 m alongshore.
The EMI signals at 9 and 15 kHz are also variable alongshore.
Local maxima in the signals are evident in several places, such
as 130–160 m and 390–410 m, which appear to correlate with
disruptions in the GPR reflector. In other places, the spatial
correlation between the GPR reflector and the EMI signal is
not as prominent.
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FIGURE 7 | Collocated GPR and EMI survey lines along profile B. Interpreted conduits are marked by yellow circles. Areas where the EMI maxima (highlighted in
yellow) match well with the disruption in the radar reflector are marked with an ‘M’ on the GPR section.
The GPR and EMI responses along Profile C are shown in
Figure 8. There is one small box canyon on this profile, between
distances of ∼ 480–495 m. This is marked by the disruption in
the strong GPR reflector, although it should be noted that the
signal is not completely disrupted, as it is for some of the box
canyons in previous profiles. The highest maximum in the EMI
out-of-phase responses occurs at ∼ 470 m, so there is a shift of
∼ 10–15 m in lateral location between the GPR signal disruption
and the EMI signal maximum. There is another indication of a
break in the GPR reflector near the start of the line that is not
clearly associated with a relative maximum in the EMI signals.
Two large stabilized box canyons with mature vegetation are
present on Profile D (Figure 9). Here, the strong GPR reflector
is disrupted within both canyons. The EMI signals along this
section of the transect are highly variable. There is a pronounced
local maximum at locations ∼ 780–800 m that is spatially
coincident with a GPR disruption. The largest GPR disruption
occurs between stations ∼ 600–670 m. The EMI signals at this
location are variable with multiple rises and falls, but a single local
maximum is not evident.
A comparison of GPR profile D with a G-TEM transect along
the final ∼ 185 m of the same path is shown in Figure 10. The
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FIGURE 8 | Collocated GPR and EMI survey lines along profile C.
resulting geoelectrical models are shown stitched together in a
quasi-2D format in the figure. The G-TEM probes to depths
∼ 80 m, at which low resistivities indicative of clays and/or
seawater-saturated sediments ρ ∼ 1–10 m (green-orange-red
colors), or high values of conductivity 10–100 mS/m, are found.
Above these depths, the ground is more resistive, attaining values
up to ρ = 100 m (blue-purple colors), or as low as 1 mS/m
conductivity. In the middle part of the section, at depths ∼ 20–
30 m, there are a couple of zones that are somewhat less resistive
(light blue color), or more conductive, than the surroundings.
These zones are indicative of deep alongshore heterogeneity and
are discussed below. Note the depth-ranges examined by the GPR
(0–9 m) and G-TEM (∼ 10–80 m) in Figure 10 are largely non-
overlapping and the near-surface (<10 m depth) structure is not
well-resolved by the G-TEM.
To further illustrate that the conductive zones onshore are
most likely water-filled gravel conduits, we show an additional
coast-normal G-TEM survey (Figure 11). The 40× 40 m G-TEM
1D stitched section acquired on top of the cliffs (refer to Figure 4)
reveals a consistent conductive zone at roughly 7–10 m depths.
To test whether the conductive layer is a robust feature of the
G-TEM 40 x 40 soundings, we performed a suite of 3-layer
forward model calculations. These are summarized in Figure 12.
Plotted is the misfit to the G-TEM sounding curve, recorded at
the 120 m station location shown in Figure 11, as a function of
the resistivity in the depth range of the conductive zone, i.e., 3–
15 m. The resistivities of the upper and lower layers were set to
700 m (log10ρ[m] = 2.85) and 415 m (log10ρ[m] = 2.62),
respectively, consistent with those shown in Figure 11. It is
evident that a middle-zone resistivity of approximately 150 m
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FIGURE 9 | Collocated GPR and EMI survey lines along profile D. Interpreted conduits are marked by yellow circles. Areas where the EMI maxima (highlighted in
yellow) match well with the disruption in the radar reflector are marked with an ‘M’ on the GPR section.
(log10ρ[m] = 2.15) achieves the lowest misfit, again consistent
with Figure 11. A middle-zone resistivity either higher or lower
than this value achieves a worse fit, as shown. This modeling
exercise demonstrates that the low resistivity of the middle zone
is a robust feature of the G-TEM 40 × 40 m soundings and is
required by the data.
The resistivity of the conductive layer is about 150 m (green
region), or ∼ 7 mS/m conductivity. This value of resistivity
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FIGURE 10 | Composite depth slice from the top of the coastal bluff to the maximum depth of investigation probed by the G-TEM system. Secondary channel fills
outlined in (A), extending into the subsurface, correspond to conductive zones that are outlined in the GPR section (B) and the inverted G-TEM section (C).
Conductive zones illuminate the probable location of groundwater conduits and show evidence for a multilayered system.
is slightly higher than the well water value (see section “High
Permeability Sandy Gravels as Groundwater Conduits”), which
is to be expected in a coarse sand or gravel matrix since by
Archie’s law the effect of the coarse-grained material is to enhance
the bulk resistivity relative to that of the well water. Because
the conductive layer occurs at each station, at roughly the same
depth, this suggests the conduit is continuous and supports the
notion of a stream of freshwater discharge toward the coast like
a subterranean river. The fact that the 40 × 40 m soundings
could be fit by a 1D model, unlike the 10 × 10 central-loop
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FIGURE 11 | Plot of the 40 × 40 m G-TEM 1D stitched inversion section from
the head of the box canyon (0 m) moving inland (280 m). Refer to Figure 4 for
the survey location. The interpreted conduit is highlighted in light green colors
between the yellow lines.
soundings (see section “EM Surveys” and Figure 5), suggests
that the deep conductive layer – unlike any shallower conduits –
is quite broad, with a width that could be on the order of the
instrument footprint. Thus, it is likely there is a considerable
volume of deep flowing discharge toward the coast and offshore.
DISCUSSION
In the following, we explore possible scenarios for a discharge
model that fits our observations, namely that there is evidence of a
multilayered system focusing groundwater flow through stacked
high permeability gravel layers analogous to a subterranean
river network. First, we discuss the relationships between
the sedimentary architecture of the braidplain alluvium and
groundwater pathways (Bal, 1996; Moreton et al., 2002). The
subsequent sections compare our results with the terrestrial
aquifers identified by Davey (2004) and the connection to the
OFG system along the Ashburton coast (Micallef et al., 2020).
FIGURE 12 | Sensitivity analysis testing the robustness of the conduits
observed at the middle sounding station for the G-TEM data shown in
Figure 11. The 3-layer model has fixed resistivities of 700 m and 415 m for
the upper and lower layers, respectively, whereas the middle layer resistivity is
allowed to vary between 60 and 800 m. The resulting curve shows the
calculated misfits for the variable resistivities, demonstrating the low resistivity
zone (interpreted conduit) having the lowest RMS misfit at ∼ 150 m is a
robust feature required by the data.
High Permeability Sandy Gravels as
Groundwater Conduits
Quaternary sediments that form the Canterbury Plains consist
of sandy gravel aquifers that are characterized by highly variable
changes in transmissivities and hydraulic conductivities (Bal,
1996). Wilson (1973) suggests that gravel sorting and increased
permeability in the post-glacial alluvium focuses preferred flow
paths within “ancient buried river channels” that are recharged
by influent seepage from nearby rivers (e.g., Ashburton River).
The role of rivers as an important recharge for the Canterbury
artesian aquifers has been confirmed in subsequent studies by
geochemical (isotopic) and geophysical work (see Bal, 1996). The
inherent heterogeneity caused by these preferred flow paths has
been described in the literature to vary over a range of spatial
scales. As previously mentioned, Bal (1996) identified five to six
high permeability corridors (5–10 km wide) east of the Rakaia
River that are orders of magnitude larger than the paleochannel
conduits suggested by Wilson (1973) where the incised valleys are
analogs to “pipelines” or “arteries” containing the discontinuous
buried river channels. In contrast, Moreton et al. (2002) suggest
high permeability conduits can occur at much smaller spatial
scales (tens of meters).
The electromagnetic methods used in this study can diagnose
porosity from bulk conductivity σ via Archie’s Law, however, it
is important to note that EM methods cannot directly measure
permeability, although the two parameters are closely related.
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The high permeability conduits imaged by the GPR and G-TEM
compared to the background geologic matrix (i.e., dry gravels)
are generally more conductive. Water conductivity measured in
nearby hydrological wells (Environment Canterbury, personal
communication), although variable, averages around 30 mS/m,
or ∼ 33 m, which in this particular geologic environment is
indicative of freshwater-filled gravel conduits. These values are
similar to what was measured by the G-TEM (Figure 10) on the
beach compared to the background conductivity (∼ 10 mS/m).
The results from our EM surveys agree with the findings by
Moreton et al. (2002), suggesting that the high permeability
conduits occur at smaller spatial scales (Figure 13). However, it
is worth noting that our surveys were conducted over a relatively
small distance (∼ 800 m) and it is possible that the conduits may
increase in size as described by Bal (1996) when investigated at
larger spatial scales.
Shallow Conduits in the Unconfined
Aquifer
In this study, the primary instrument for illuminating potential
conduits in the shallow subsurface (≤10 m) is GPR, because the
general trend in the EMI signal is essentially consistent across
the entire profile and not sensitive to the deeper conductivity
structure captured by the GPR and G-TEM. Although local
maxima in the EMI signals are evident in several places, which
appear to correlate with disruptions in the GPR reflector, other
areas are less prominent. The shallow conduits imaged by the
GPR at greater depths roughly correspond to the location of the
unconfined aquifer identified by Davey (2004). In the following,
we explore the possible causes for the reflectors within the GPR
signal and their relation to the groundwater conduits.
It is possible that the undulating reflector in GPR profiles
along the beach (Figures 6–9) is simply the product of the
transmitted signal reflecting off the bluff face. If this were the
case, we would expect to see the reflector at ∼ 2–3 m deep,
corresponding to the physical distance between the GPR transect
and the bluff face (Figure 3). In addition, the reflector should
appear deeper when the GPR transect crosses a box canyon
because the transmitted signal would take longer to reach the
bluff face within a canyon compared to the relatively straight
bluff edge. Since the reflector appears deeper (∼ 8 m) than
the distance between the survey transect and bluff edge, and
the reflector becomes shallower wherever the transect crosses a
box canyon, it is unlikely that this strong reflector represents
the bluff face. The mismatch between reflector depth, distance
to the bluff, and canyon locations suggests that the strong
reflector at approximately 8 m depth is not the result of the
bluff face reflecting the GPR transmission, but rather a strong
contrast in dielectric permittivity ε caused by variations in the
subsurface hydrogeology.
Ground penetrating radar has been used to identify lithologic
changes in framework geology, which have been suggested to
influence the morphodynamics of the beach-dune system (e.g.,
Riggs et al., 1995). It is possible that the reflector at 8 m depth
represents a paleo-channel because its depth varies alongshore.
Alongshore variations in subsurface geology, such as infilled
paleo-channels and storm washover deposits, have been mapped
using GPR along sandy coasts (Weymer et al., 2016; Wernette,
2017). However, unlike previous work, the pronounced reflector
along the Ashburton coast becomes shallower as the transect
crosses near a box canyon, which suggests a rise in a paleo-
topographic surface and contrasts observations using GPR to
image paleo-channels in previous research. In addition, the
reflector rises more steeply and frequently than dipping reflectors
described in the literature. Since the depth of the reflector is
opposite of a paleo-channel in direction and there is no evidence
of any lithologic discontinuity outcropping at the shoreface or
on the larger landscape, it is unlikely that the strong undulating
reflector in the GPR profiles represents a paleo-topographic
surface or paleo-channel.
Another possible explanation for the undulating reflector in
the GPR profiles is that it represents the location of the saltwater-
freshwater interface. Contrasting previous investigations in the
coastal environment where brackish or saline groundwater has
been shown to attenuate the signal (see Jol et al., 1996; Heteren
et al., 1998), the GPR data collected along the Ashburton coast
has a strong, relatively continuous, and undulating reflector.
It is questionable that the saltwater-freshwater interface would
appear as a very strong reflector that varies in depth by 5 m
within a few meters alongshore multiple times, unless it was
accompanied by a prominent lithologic discontinuity, which
there was no evidence for on the landscape, or in the nearshore.
Given that alongshore variation in the depth of the subsurface
reflector is unlikely caused by the bluff reflecting the signal
or the saltwater-freshwater interface and probably does not
represent a paleo-channel in the subsurface geology, it is feasible
that this reflector represents the boundary of concentrated
groundwater flows. The contrast between dry, less conductive
gravels that appear as concave/convex reflectors and saturated
sediments at depth along Profiles B and D (Figures 7, 9) appear
as a strong reflector that varies with groundwater saturation.
This suggests that the reflectors in the GPR sections and
the areas where the GPR signal is attenuated correspond to
shallow conduits consisting of lenses of well-sorted gravels and
interbedded sands within the braided river deposit architecture
(<9 m) that likely discharge at the seafloor close to the
coast (Figure 13).
Deeper Conduits Connecting the
Onshore/Offshore Coastal Groundwater
System
The G-TEM results from the Slingram survey along the coast
(Figure 10) reveal two zones at ∼ 20–30 m depth of similar
conductivities that were observed in nearby hydrogeological wells
(see Figure 4) averaging around 30 mS/m (∼ 33 m). These
values are comparable to resistivities measured offshore (Micallef
et al., 2020) that were interpreted to indicate the location of the
OFG system. The conduits onshore appear as conductive because
they are situated in a resistive gravely matrix, whereas the offshore
extensions of the conduits manifest as resistors in the offshore
imaging because there they are situated in conductive seawater
sediments.
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FIGURE 13 | Conceptual discharge model illustrating the configuration of (from top to bottom): (1) high permeability sandy gravel conduits within the coastal bluffs
and photograph from the field showing evidence for seepage on the bluff face, (2) shallow conduits in the unconfined aquifer potentially discharging in the nearshore
at SGD sites, and (3) deeper conduits connecting the onshore/offshore coastal groundwater system. Approximate depth scale on the right of the right side of the
cartoon roughly corresponds to the depths of the conduits in the observed data shown in Figure 10.
Assuming the aquifer is horizontal from the closest boreholes
(∼ 1.5 km inland) to the coast and that the elevation at the top of
the coastal bluffs is ∼ 20 m, we expect a 20 m offset in observed
aquifer depth at the location of our G-TEM survey (at sea level).
By comparison, this would assign the depth of the first confining
layer (50 m) in Davey (2004) to 30 m in our data. Our data
do not appear to show the first confining layer (at least in this
particular area) because the conductivities are much lower than
what would be expected for a clay layer/aquitard (Figure 10).
Thus, we interpret these zones as groundwater conduits within
the onshore aquifer system that are focusing flow offshore and
are likely connected to the OFG system (Figure 13). The depth of
the OFG system interpreted in Micallef et al. (2020) is slightly
deeper, occurring at depths of 50 m or more. Marine seismic
data (Micallef et al., 2020) show that the gravels extend further
offshore in the region directly offshore the Ashburton coast, i.e.,
the location of the surveys presented in this study. It is probable
these gravel channels imaged in the offshore seismic data are
connected to the coast, providing evidence for an onshore
connection to the conduits/aquifers in the region. The high
conductivity zone at 60–70 m is probably the second aquitard
described by Davey (2004), but our interpretation is limited
in resolution because the maximum depth of investigation of
the G-TEM system is 80 m from the TX-RX configuration
used in this study.
Our geophysical interpretations support the scale modeling
study and field observations from Moreton et al. (2002) in that the
conductive zones are most likely caused by freshwater saturated
secondary channel fill deposits, which focus groundwater flow
offshore. Overall, five key observations can be made: (1) There
is a strong GPR reflector that varies with depth and appears
to be spatially correlated with large box canyons incised on the
coastal bluffs, (2) The GPR signals show consistently high signal
attenuation within the larger box canyons and below a depth of∼
9 m, (3) EMI σa measurements at both frequencies 9 and 15 kHz
are surprisingly resistive for a coastal beach environment and
do not exceed 60 mS/m over the total length of the survey, (4)
The out-of-phase EMI responses are spatially correlated with the
strong GPR reflector, and (5) the conductive (∼30 mS/m) zones
compared to background (∼10 mS/m) in the inverted G-TEM
profiles correspond to the location of large box canyons. Thus,
we conclude that the results presented in this study all point to
a geologic control within the Canterbury alluvial braidplain that
preferentially focuses groundwater flow offshore through high
permeability gravels at depths roughly between 20 and 30 m
beneath the modern coastline.
CONCLUSION
This study demonstrates the utility of combining near-surface
electromagnetic methods to image groundwater pathways within
braided alluvial gravels along the Canterbury coast, South Island,
New Zealand. Our results show that collocated EMI, GPR, and
G-TEM measurements adequately characterize hydrogeologic
variations beneath a mixed sand gravel beach. The combined
measurements – providing information at three different depths
of investigation and resolution – show several zones of relatively
high electrical conductivity compared to the resistive geologic
background that are correlated with spatial variations in
subsurface hydrogeology. We interpret the conductive zones as
high permeability conduits corresponding to lenses of clean,
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well-sorted gravels interbedded with sands within the braided
river deposit architecture. The geophysical surveys provide the
basis for a discharge model that fits our observations, namely that
there is evidence of a multilayered system focusing groundwater
flow through stacked high permeability gravel layers analogous to
a subterranean river network.
Our study complements a large-scale geophysical survey
conducted offshore along the Canterbury Bight to map OFG
systems, for which a meteoric origin and present-day connection
to onshore aquifers is inferred. Our results provide evidence
that this newly discovered OFG system (Micallef et al., 2020)
has been recharged in the past via these conduits and is likely
connected to terrestrial aquifers underlying the Canterbury
Plains. Our findings have important implications for the potential
use of offshore groundwater to alleviate water stress from
agriculture/irrigation to one of the driest regions in New Zealand.
The geology of the New Zealand coast is quite heterogeneous
and geoelectrically 3D, yet the EM instruments used in this
study are capable of detecting variations in the subsurface
hydrogeology. It is reasonable to expect that the combined
EM methods presented in this study could also be applied in
other coastal geologic settings, e.g., carbonate platforms, barrier
islands, volcanic islands.
Although our work is suggestive of groundwater conduits
discharging offshore, we emphasize that this is a working
hypothesis until more testing is done in the future. Given
the large spatial disconnect between the terrestrial surveys
of this paper and offshore controlled-source electromagnetic
surveys (Micallef et al., 2020), it is yet unclear how these
groundwater conduits may relate to broader variations in coastal
groundwater dynamics. Moving forward, we propose that EM
geophysics offers exciting new opportunities in bridging the
gap across the coastal transition zone using, for example;
airborne electromagnetics, autonomous underwater vehicles
(AUVs), surface wave gliders, unoccupied aerial vehicles (UAVs)
and potentially other platforms. Future work should seek to
(1) map the conduits across the ‘White Ribbon’ and offshore
in high resolution, (2) understand how onshore groundwater
conduits evolve on a variety of spatiotemporal scales, and (3)
quantify the volume and flux of terrestrial groundwater to the
sub-ocean reservoir caused in part by variations in local and
regional geology.
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